Scaffolds composed of synthetic, natural, and hybrid materials have been investigated as options to restore intervertebral disk (IVD) tissue function. These systems fall short of the lamellar features of the native annulus fibrosus (AF) tissue or focus only on the nucleus pulposus (NP) tissue. However, successful regeneration of the entire IVD requires a combination approach to restore functions of both the AF and NP. To address this need, a biphasic biomaterial structure was generated by using silk protein for the AF and fibrin/hyaluronic acid (HA) gels for the NP. Two cell types, porcine AF cells and chondrocytes, were utilized. For the AF tissue, two types of scaffold morphologies, lamellar and porous, were studied with the porous system serving as a control. Toroidal scaffolds formed out of the lamellar, and porous silk materials were used to generate structures with an outer diameter of 8 mm, inner diameter of 3.5 mm, and a height of 3 mm (the interlamellar distance in the lamellar scaffold was 150-250 mm, and the average pore sizes in the porous scaffolds were 100-250 mm). The scaffolds were seeded with porcine AF cells to form AF tissue, whereas porcine chondrocytes were encapsulated in fibrin/ HA hydrogels for the NP tissue and embedded in the center of the toroidal disk. Histology, biochemical assays, and gene expression indicated that the lamellar scaffolds supported AF-like tissue over 2 weeks. Porcine chondrocytes formed the NP phenotype within the hydrogel after 4 weeks of culture with the AF tissue that had been previously cultured for 2 weeks, for a total of 6 weeks of cultivation. This biphasic scaffold simulating in combination of both AF and NP tissues was effective in the formation of the total IVD in vitro.
Introduction

I
ntervertebral disk (IVD) degeneration occurs because of a variety of factors, resulting in a multitude of complications for the patient. Aging, differences in collagen distribution, vascular in-growth, mechanical loads placed on the disk, and changes in the matrix composition (larger average hydrodynamic size and higher glucosamine to galactosamine ratio) can contribute to disk degeneration. 1 Current treatments for IVD degeneration are generally targeted at the symptoms and are designed to relieve pain and restore some function without treating the problem or repairing the disk directly. In repairing the IVD, the aim is to induce regeneration of the tissue in situ via biological manipulation, whereas replacing the IVD requires development of a functional tissue unit in vitro and implanting it in vivo. 2, 3 The physiological properties of the disk are linked to the composition of its extracellular matrix (ECM). Tissue engineering methods tend to focus on techniques directed toward replenishing the ECM of the disk to restore disk function. 4 Using a combination of cells and synthetic or natural biomaterials provides a tissue engineering approach to regenerate the matrix and fully restore normal function to the IVD.
The IVD is comprised of a central, gelatinous nucleus pulposus (NP), surrounded by a fibrous lamellar annulus fibrosus (AF). Both tissues contain an abundant matrix of negatively charged proteoglycans (PGs) entangled with collagen fibers. The AF consists of an ECM composed of both type I and type II collagen oriented in lamellar structures that are rich in type I collagen. 3 Engineering a functional replacement for the AF of the IVD is contingent on recapitulation of the AF structure, composition, and mechanical properties. 5 The AF of the IVD is the load bearing component, and its strength depends on the composition and organization of its ECM. 6 The matrix of normal NP of the IVD is comprised of an interwoven network of PGs, predominantly aggrecan and collagens (particularly type II collagen, which is characteristic of hyaline cartilage), with embedded chondrocytic cells. significantly higher proportion of PG and versican. Some differences in the structure of PGs in cartilage (large PG aggregates) and the NP (nonaggregated PG monomers) tissues have been observed. 7 However, hyaline cartilage and NP possess similar macromolecules in their ECM and contain PGs that have the ability to interact specifically with collagen molecules. 8 In addition, as with articular cartilage, the disks resist compressive forces due to their high content of PGs and aggrecan in the NP. 9 IVD degeneration by changes in matrix biology, a disruption of the matrix, and a loss of function cause dehydration and loss of hydrophilic properties of the NP matrix (which normally attract water and provide the disk with high swelling pressure that supports the disk height and functions), thus leading to a loss of disk height and eventually to disability and pain. 10, 11 Therefore, successful regenerated IVD tissue should achieve anatomic morphologies for both AF and NP tissues, while also restoring the function of both tissues.
Scaffolds for IVD tissue engineering are required to immediately restore functions, whereas seeded cells gradually replace the initial biomaterial with a new, native matrix. The scaffold should also allow maintenance of cell phenotype and be fully biodegradable over time for the full restoration of tissue structure and function. 12 A variety of scaffolds have been used for tissue engineering of the AF of the IVD, including collagen, 13 agarose, 14 collagen-glycosaminoglycan (GAG), 15 alginate-chitosan, 16 and polyglycolic acid (PGA)/ polylactic acid (PLA). 17 Some studies have focused on AF tissue formation by using a lamellar scaffold composed of alginate/chitosan 16 or poly(polycaprolactone triol malate) with demineralized bone matrix gelatin. 5 However, these AF tissues focused on scaffold designs and were not able to reconstruct the entire IVD, including NP tissue, though the scaffolds supported AF cell growth and proliferation. Several studies have reported tissue engineered NP using injectable materials such as collagen, 18, 19 alginate, 20 chitosan, 21 fibrin, 22, 23 and hyaluronic acid (HA). 24 These injectable scaffolds are preferable for IVD engineering, as they allow needle-guided graft delivery to minimize trauma to the disk. 25 However, these approaches do not regenerate the entire IVD tissue. Therefore, an alternative approach utilizing biphasic scaffolds is an attractive prospect for engineering entire IVD tissue systems.
In previous studies directed toward engineering the entire IVD, a composite IVD was fabricated by using PGA and alginate with two different cell types, to form a tissue with AF and NP components. 17 Methods were developed for the construction of composite structures consisting of AF and NP cells seeded on separate matrices; however, the NP cells in alginate did not accumulate significant levels of ECM, with poor collagen accumulation. 17 A biphasic IVD structure was also formed by using PLA nanofibrous scaffolds and HA gels with bone marrow-derived mesenchymal stem cells (MSCs) for AF and NP tissue regeneration. 26 Although the production of a biphasic cartilaginous tissue construct was reported, the MSC seeded PLA/HA constructs produced AF and NP tissues that were similar in composition due to the use of only chondrogenic media, and lamellar AF morphologies were not pursued.
The goal for regenerating disk tissue is to achieve anatomic morphology and restoration of biological function. Toward this goal, we have previously used porous silk scaffolds for AF tissue regeneration 27, 28 and also have shown that silk fibrin/HA composite gels can serve as chondrocyte delivery biomaterials. 29, 30 In the present work, the goal was to design a biphasic scaffold system to support both AF and NP morphologies and cells. We, therefore, utilized a silk and fibrin/HA matrix system and seeded these components with either porcine AF cells or porcine chondrocytes. We determined whether the biphasic structure, consisting of lamellar silk scaffolds (to mimic the AF) with fibrin/HA gel (to mimic the NP), could support the architecture and cell functions of IVD tissue.
Materials and Methods
Isolation and culture of AF and chondrocyte cells
Porcine annulus fibrous cells and chondrocytes were kindly provided by the University of Tennessee Health Science Center (UTHSC). AF cells and chondrocytes were isolated from porcine IVD and articular cartilage, respectively. Briefly, IVDs used in this investigation were obtained from the lumbar disk of newborn porcine (2-3 weeks old, Grade I: macroscopic grading of age). The spine was sectioned between each of the lumbar disks from T10 to L5. The muscles and tendons were removed, and the column was transversally sectioned in the middle of each disk. The surrounding AF was separated from the upper and lower vertebral disks, and the outer section with connection ligaments was discarded. Cells from the AF tissues were isolated by 1-2 h digestion at 37°C in 0.05% pronase (Boehringer Mannheim), followed by overnight digestion at 37°C in 0.2% collagenase (Worthington Biochemicals) by using modified Dulbecco's modified Eagle's medium (DMEM)/F12 medium (Gibco BRL) with 5% fetal calf serum (FCS; Gibco), 4.8 mM CaCl 2 , and 40 mM HEPES buffer (SigmaAldrich). After 18 h of shaking, the completely digested specimens released cells, which was confirmed by phase contrast microscopy. The digested samples were centrifuged at 250 g for 5 min to isolate the annulus fibrosis cells for counting.
Pieces of porcine articular cartilage were finely minced and washed with phosphate-buffered saline (PBS). They were then digested in 0.2% (w/v) collagenase (Worthington Biochemical) in PBS for 5 h at 37°C. Using a cell strainer (70 mm Nylon; Falcon), the cells were filtered, pooled, and centrifuged at 1200 rpm for 10 min. After being washed twice with PBS, the cell pellet was resuspended in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U/mL penicillin G (Gibco), and 100 mg/mL streptomycin (Gibco).
Both cell types were counted by using a hemacytometer, and cell numbers and viabilities were determined by using a trypan blue exclusion test. The cells were then plated at a density of 1.5 · 10 5 cells/cm 2 and placed at 37°C in a 5% CO 2 incubator. The DMEM/F12 for AF cells and DMEM for chondrocyte culture medium that included 10% FBS (Gibco), 1% antibiotic-antimycotic (Gibco), and 50 mg/mL ascorbic acid (Sigma) were changed every other day. The primary AF cells and chondrocytes were passaged twice before the experiments.
Silk composite scaffold fabrication
Preparation of silk solution. Silk fibroin (SF) solutions were prepared according to the procedures previously described. 31 Briefly, 6%-8% (w/v) SF solution was prepared from Bombyx mori silkworm cocoons. The cocoons were extracted in a 0.02 M Na 2 CO 3 solution, dissolved in a 9.3 M 448 PARK ET AL.
LiBr solution, and subsequently dialyzed against distilled water.
Preparation of lamellar and porous silk toroidal disks for AF. To make lamellar-shaped silk scaffolds, a 1.5 mL aliquot of 4% SF/0.2% sodium alginate mixture solution was added to a silicone mold (12 mm diameter, 5 mm thick) with one side capped with parafilm. Immediately, these molds were placed in a freezer at -80°C for 2 h. Subsequently, the scaffolds were lyophilized for 2 days, and then, water was annealed for 6 h to generate the insoluble state of silk by inducing beta sheet crystallinity. 32 The scaffolds were then submerged in water for 24 h to remove the mixed alginate.
To generate porous scaffolds, no salt was added. Instead, 50 mM carbodiimide (1-3-dimethylaminopropyl 3-ethylcarbodiimide hydrochloride [EDAC] ) and 20 mM N-hydroxysuccinimide (NHS) were mixed in 2 mL aliquots of a 4% SF solution that was kept in teflon cylinder containers at room temperature for 2 h. The containers were then placed in a freezer at -80°C for 2 h. Subsequently, the scaffolds were lyophilized for 2 days and removed from the containers. To remove the EDAC/NHS residue, the lyophilized silk sponge was suspended in 10 mL of quenching solution (5:1 mixture of a 0.25 M NaHSO 3 solution and 0.5 N H 2 SO 4 ).
Toroidal disk scaffolds were manually formed out of the lamellar and porous structures to generate an outer diameter of 8 mm, an inner diameter of 3.5 mm, and a height of 3 mm by using round, disposable punches (Acuderm, Inc.). Toroidal disks were submerged in 70% EtOH for sterilization in preparation for cell cultivation experiments after washing with distilled water for 1 day. Before cell seeding, the scaffolds were conditioned overnight with the culture medium.
Fibrin/HA gel for NP
To prepare fibrin/HA composite gels, the porcine chondrocyte cells were pelleted by centrifugation, and then resuspended in a solution containing fibrinogen (10 mg/mL; Green Cross) with 1300 kDa HA (10 mg/mL, 6000 cps viscosity, Lifecore). 30 The porcine chondrocyte suspension of 5 · 10 6 cells/mL was then homogeneously mixed with aprotinin (Green Cross), 60 U/mL thrombin (1000 U/mg protein; Sigma), a fibrin stabilizing Factor XIII, and 50 mM CaCl 2 . The fibrin/HA mixture (250 mL) was dropped into the central region of the silk lamellar structure or the porous disks, thereby forming a gel.
Cultivation of IVD biphasic gel-silk scaffold structures
To make AF-like tissues, AF cells were seeded on both top and bottom of the toroidal disk scaffolds of the lamellar and porous materials by using static seeding. Cell seeded scaffolds were incubated for 3 h before adding culture medium and then, continuously in AF culture media (DMEM/F12 medium included 10% FBS) for 2 weeks (phase I, Fig. 1a ). Porcine chondrocytes were encapsulated in a fibrin/HA hydrogel and embedded in the center of the biphasic construct (phase II, Fig. 1a ). AF-NP biphasic IVD constructs were cultured for 4 weeks (AF-NP 4 weeks) subsequent to the initial culture of the AF tissue (AF 2 weeks), for a total of 6 weeks. (Fig. 1a ) Each fibrin/HA gel-loaded silk lamellar and porous scaffold was transferred to a six-well culture plate and cultured in chondrogenic defined medium (CDM), consisting of high-glucose DMEM (Gibco) supplemented with 10 ng/mL transforming growth factor-b (TGF-b1) (Peprotech), 1% antibiotic-antimycotic (Gibco), insulin 6.25 mg/mL, selenious Color images available online at www.liebertonline.com/tea acid 6.25 mg/mL, transferin 6.25 mg/mL, 50 mg/mL ascorbic acid, 100 nM dexamethasone, 40 mg/mL proline, 1.25 mg/mL bovine serum albumin (BSA), and 100 mg/mL sodium pyruvate. All products were purchased from Sigma-Aldrich.
Scanning electron microscopy for cell proliferation on the structure
The cross-sections of the scaffolds prior/post cell seeding were examined by scanning electron microscopy (SEM, Zeiss FESEM Supra55VP). The samples were fixed for 24 h with 0.4% glutaraldehyde and then dehydrated in a series of graded ethanols before coating with gold/palladium for 3 min before SEM observation.
Cell viability in 3D scaffolds
Viable cells in silk scaffolds and fibrin/HA gels after 2 weeks of the AF-NP coculture (AF-NP 2 weeks) were screened by using a live/dead kit (Molecular Probe). Following the manufacturer's instruction, the in vitro sample was treated in a solution for 40 min. The solution is a mixture of three components: 2 mM ethidium homodimer-1, PBS, and 4 mM calcein AM. Washed in sterilized PBS, the sample-embedded slide was observed by a Leica confocal microscope (Wetzlar) with Leica confocal software. The region of interest was selected from zplane images to include either the surface or the internal pores, beginning with a bottom section at least 1 mm above the surface of the scaffolds. Depth projection micrographs were obtained from 20 horizontal sections imaged at a depth distance of 50 mm from each other. Live cells were visualized green and dead cells, red. Viability of cells was measured by dividing the number of viable cells (green cells) by total cells (green cells + red cells), determined by using Image J.
Histological analysis
After macroscopic observation, tissues were fixed with 4% formalin for 24 h. These were then embedded in paraffin and sectioned in 4-mm-thick slices. Serial sections were stained with hematoxylin and eosin to observe cell/scaffold morphology. To evaluate GAG deposition, sections were stained with 1% alcian blue (Sigma) in 1 N HCl (pH 1.0) for 40 min for alcian blue staining. Immunohistochemistry was also carried out to screen for expression of type I and II collagen as the major ECM protein of IVD. The sections were sequentially washed in 70% ethanol and PBS, treated with 3% H 2 O 2 in PBS, and 0.15% Triton X-100 was added. Once blocked with 1% BSA solution, they were reacted with a monoclonal antibody raised against porcine type I and II collagen (1:200; Chemicon) for 1 h, followed by addition of a biotinylated secondary antibody. The protein was then detected by using a horseradish peroxidase-conjugated avidin system (Vector Laboratories). The immunostained sections were counterstained with Mayer's hematoxylin (Sigma) before microscopic examination with a Leica DMIL light microscope (Wetzlar).
Biochemical assays for DNA, GAGs, and collagen content For chemical analysis of AF (outer diameter of 8 mm, inner diameter of 3.5 mm, and height of 3 mm) and NP (diameter 3.5, height 3 mm) components, the recovered constructs were separated into AF and NP components by using round disposable punches (Acuderm Inc,). The separated samples (n = 4) for DNA and GAGs were digested for 16 h with papain solution (125 mg/mL of papain, 5 mM L-cystein, 100 mM Na 2 HPO 4 , 5 mM EDTA, and pH 6.2) at 60°C. DNA content was measured by using the PicoGreen DNA Assay according to the manufacturer's protocols (Molecular Probes). After centrifugation, a 25 mL aliquot of supernatant was taken from each sample and placed into 96-well plates with each well containing 75 mL of 1 · TE buffer. A standard curve was generated by using lambda phage DNA in 0, 2.5, 5, and 10 mg/ mL concentrations. One hundred microliters of a 1:200 dilution of Quant-iT PicoGreen reagent was added to each well and read by using a flurorimeter with an excitation wavelength of 480 nm and an emission wavelength of 528 nm. Total GAG content was analyzed by using a 1, 9-dimethylmethylene blue (DMB) assay. 33 Individual samples were mixed with the DMB solution, and the absorbance was measured at 525 nm. Total GAG of each sample was extrapolated by using a standard plot of shark chondroitin sulfate (Sigma) in the range of 0-100 mg/mL. The tissue engineered constructs were digested with pepsin solution (1 mg/ mL of pepsin, pH 3.0) at 4°C for 48 h to determine total collagen content. Total collagen was measured as we had previously reported. 30 A dye solution (pH 3.5) was prepared with Sirius red dissolved in a picric acid saturated solution (1.3%; Sigma) to a final concentration of 1 mg/mL. The digested samples were dried at 37°C in 96-well plates for 24 h and then reacted with the dye solution for 1 h on a shaker. The samples were then washed five times with 0.01 N HCl, and the dye-sample complex in each well was resolved in 0.1 N NaOH and absorbance was read at 550 nm (Versa MAX; Molecular Devices). Total collagen in each sample was extrapolated by using a standard plot of bovine collagen (Sigma) in the range of 0-500 mg/mL.
Real-time PCR
The recovered constructs were separated into AF and NP components by using round, disposable punches. The separated components (n = 4 per group) were transferred into 2 mL plastic tubes, and 1.0 mL of Trizol was added. Scaffolds were chopped with micro scissors on ice. The tubes were centrifuged at 12,000 g for 10 min, and the supernatant was transferred to a new tube. Chloroform (200 mL) was added to the solution and incubated for 5 min at room temperature. Tubes were again centrifuged at 12,000 g for 15 min, and the upper aqueous phase was transferred to a new tube. One volume of 70% ethanol (v/v) was added and applied to an RNeasymini spin column (Qiagen). The RNA was washed and eluted according to the manufacturer's protocol. The RNA samples were reverse transcribed into cDNA by using oligo (dT)-selection according to the manufacturer's protocol (High Capacity cDNA Archive Kit; Applied Biosystems). Collagen type Ia1 (Col Ia1), collagen type IIa1 (Col IIa1), and aggrecan levels were quantified by using the Mx3000 Quantitative Real Time PCR system (Stratagene).
All data analysis employed the Mx3500 software (Stratagene) based on fluorescence intensity values after normalization with an internal reference dye and baseline correction. at 60°C. The data were normalized to the expression of the housekeeping gene, glyceraldehyde-3-phosphatedehydrogenase (GAPDH) within the linear range of amplification and differences. 34 The target probes were labeled at the 5¢ end with fluorescent dye VIC and with the quencher dye TAMRA at the 3¢ end. Primer sequences for the porcine GAPDH, Col Ia1, Col IIa1, and aggrecan gene are summarized in Table 1 . Probes were purchased from Assay on Demand (Applied Biosciences).
Statistical analysis
Statistical differences in biochemical and transcript quantitative analysis were determined by using a Mann-Whitney U test (Independent t-test; SPSS) Statistical significance was assigned as *p < 0.05, **p < 0.01, and ***p < 0.001, respectively.
Results
Biphasic structure
The experimental scheme, described in Figure 1a , was designed to generate a biphasic construct consisting of an NP-like tissue differentiation for 4 weeks (AF-NP 4 weeks) after an initial AF tissue induction for 2 weeks (AF 2 weeks). Figure 1b shows the biphasic scaffold consisting of AF and NP regions. AF cells were seeded on the toroidal disk scaffolds with the lamellar and porous materials, and then porcine chondrocytes were encapsulated in a fibrin/HA hydrogel and embedded in the center of the toroidal disk for the biphasic construct.
Cell morphology and viability
The seeded porcine AF cells were supported in the lamellar silk scaffolds over 2 weeks. AF cells spread along the lamellar walls, whereas cells seeded on the porous scaffolds showed limited cell populations at the surface of the scaffolds (Fig. 2) . SEM revealed that the interlamellar distance in the lamellar scaffolds was 150-250 mm (Fig. 2a) , and the average pore sizes of the porous scaffolds were 100-250 mm (Fig. 2d) . Cells seeded in the lamellar silk scaffolds showed homogeneous distributions and spread along the lamellar walls after 2 weeks (Fig. 2b, c) , whereas cells in the porous scaffolds did not penetrate into the interior and spread more prominently along the surfaces of the scaffolds (Fig. 2e, f) . Cell viability was assessed at 2 weeks after AF cells and chondrocyte cocultures (AF-NP 2 weeks). More than 90% of the attached and proliferated AF cells survived in both scaffolds based on live/dead staining. Encapsulated chondrocytes in the fibrin/HA gels also showed good cell survival with both types of scaffold (Fig. 3) .
Histology and immunohistochemistry analysis
For the identification of the AF and NP-specific ECM molecules, thin sections of each specimen were stained with alcian blue and antibodies for type I and II collagen at AF-NP 4 weeks. In scaffold sections with alcian blue staining, NPlike tissues generated by fibrin/HA gel with chondrocytes were more intensely stained compared with AF-like tissue generated by silk scaffolds with AF cells (Fig. 4a, e) . Importantly, lamellar silk scaffolds showed better integration between the AF and gel for the NP, whereas the porous scaffolds had a more separated border between the NP and AF regions (Fig. 4b, f) . From the type I collagen staining, cells in the AF regions stained positive for ECM constituents of AF tissue in both types of scaffolds. However, type I collagen staining was homogeneous and distributed within the entire area of the lamellar structures, whereas the porous scaffolds showed positive staining mostly at the surface (Fig. 4c, g ). In addition, cultured NP-like tissue in the lamellar scaffolds stained through large areas for type II collagen (arrows) compared with the porous scaffolds (Fig. 4d, h ).
DNA, GAGs, and collagen content
The DNA content of the AF-like tissue, in both the lamellar and porous scaffolds, increased slightly over time. However, in the lamellar scaffolds, the value was significantly higher than the porous silk scaffolds through 4 weeks of culture (Fig. 5a ). In addition, the lamellar silk scaffolds showed increasing GAGs and collagen synthesis throughout the culture period. The GAG content of the lamellar silk scaffold was two times higher than the porous scaffolds at AF-NP 4 weeks. The amounts of GAGs (mg/mg construct) in the lamellar and porous silk scaffolds were 5.9 -1.3 and 2.9 -0.2, respectively ( p < 0.001) (Fig. 5b) . The total collagen content (4.1 -0.7 mg/mg construct) in the lamellar silk scaffold was 1.7 times higher than the value in the porous scaffold (2.4 -0.2) at the same time point (Fig. 5c) .
The DNA content of the cultured NP-like tissues in the fibrin/HA gels within the lamellar silk AF scaffolds was significantly higher at AF-NP 4 weeks than the fibrin/HA gels within the porous outer silk structures (Fig. 6a) . Although GAG content in the NP regions of both scaffolds increased with time, NP regions in the lamellar scaffolds were statistically higher with regard to GAG synthesis than in the porous scaffolds at AF-NP 4 weeks (Fig. 6b) . Total collagen content was significantly higher in the NP regions of the lamellar scaffolds at AF-NP 2 weeks, whereas both groups did not show statistical differences at AF-NP 4 weeks (Fig. 6c) .
Real-time PCR analysis
Transcript levels related to AF differentiation markers (Col Ia1 and aggrecan) and NP differentiation markers (Col IIa1 and aggrecan) were analyzed by real-time RT-PCR and normalized to GAPDH within the linear range of amplification. At AF-NP 4 weeks, the mRNA levels of Col Ia1 and aggrecan in the AF regions were significantly higher (around two times) in the lamellar silk scaffold compared with the porous scaffold (Fig. 7a, b) . On the other hand, the mRNA levels of the Col IIa1 gene in the NP regions were also significantly higher in the lamellar silk scaffold compared with the porous silk scaffold, whereas aggrecan gene expression did not show statistical differences between the two scaffold types (Fig. 7a, c) .
Discussion
Studies on tissue engineered IVDs are not common due to the complexity of the system. 35 A key component for such tissues is the biomaterial matrix utilized to support structure and function with appropriate cell types. The scaffold is a functional template that guides cellular remodeling. 36 The scaffold can function as a delivery vehicle for cells. 4 The physical and chemical requirements of scaffolds for cell/ tissue ingrowth include biocompatibility, support for cell growth, retention of differentiated cell functions, biodegradability, and uniformly distributed and interconnected pore structures to provide adequate transport and cell migration during ECM production. Various biomaterials have been explored for AF tissue replacement. 13, [15] [16] [17] Silk scaffolds have shown potential for bone and cartilage tissue engineering in vitro and in vivo due to their impressive mechanical properties, biocompatibility, and biodegradability. 31, 38 Two types of scaffold morphologies were investigated in the current work, both formed from silk. The first mimicked the lamellar features of the AF of native IVD, whereas the second was a porous spongy scaffold to serve as a control. Toroidal scaffolds were formed with appropriate interlamellar spacing and structure. The porous silk scaffolds have previously been used for AF tissue engineering. 27, 28 However, tissue in-growth was limited and not uniformly distributed throughout the scaffold. 27 In addition, although AF tissue formation and better cell distribution in porous silk scaffolds were enhanced when grown in dynamic spinner flasks, the lamellar AF structure was not mimicked. 28 Therefore, in the current study, lamellar structures were generated by a simple freeze-drying technique to recapitulate the native AF structure. The target interlamellar wall distance (150-250 mm) used in this study was generated by mixing a silk solution with an approximately 0.2% sodium alginate solution before freeze drying. The engineered lamellar scaffolds supported cell seeding and proliferation to form an AF-like tissue due to cells penetrating along the walls from the outside to the inside of the scaffold. In contrast, porous silk scaffolds showed only proliferating cells on the surface of the scaffolds (Fig. 2) . Low cell penetration on the porous silk scaffold was previously reported; scaffolds with 150-250 mm pores showed a nonuniform distribution of 
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tissue growth. 27 It appears that the AF tissue mimicking lamellar silk structures can serve as a structural guide for more homogeneous cell distribution. In addition to supporting cell proliferation, it is critical to achieve good integration between the separate regions of the tissue. Excellent integration between AF and NP regions was found in the lamellar system (Fig. 4b) when compared with the porous silk scaffold (Fig. 4f) ; a transition zone similar to native IVD tissue was generated in these lamellar systems, even though two different types of cells and materials were used for each region. However, based on our scaffold preparation method, the lamellar structures were not circumferentially oriented. Circumferentially oriented structures are assumed to be important for the functional restoration of AF tissue. Therefore, development of further methods will be needed to fully recapitulate this complex architecture.
IVD tissue should be mechanically stable to fatigue failure, especially when the bending moment is high. 39 The mechanical property of the human AF tissue is reported at 7.2-27.2 MPa for tensile modulus and 1.23 MPa for compressive modulus. [40] [41] [42] In our previous study, silk scaffolds with lamellar structure exhibited 0.26 MPa for tensile modulus and 164.80 kPa for compressive modulus, whereas silk scaffolds with a porous structure showed 1.30-1.41 MPa for tensile modulus and 293.78-347.58 kPa for compressive modulus. 32 Even though the mechanics of general silk scaffolds are lower than native IVD tissues, new strategies have been sought to enhance silk biomaterial mechanical properties, for example, by reinforcing silk sponges with silk particles (up to 1.93 MPa for compressive modulus). 43, 44 Thus, further researches aiming toward improved mechanically properties with these scaffolds will be needed before exploration of in vivo studies.
Although many researchers have focused on the AF, the NP also contains a network of elastic fibers with a distinct architecture. 45 An injectable biomaterial is potentially useful for the restoration of NP disk volume removed during disectomy and for preventing loss of disk height. 46 Flowable materials may be injected via a small incision, thus allowing minimally invasive access to the NP space. Fluids can interdigitate with the irregular surgical defects and may, depending on the material used, physically bond to the adjacent tissue. Injectable biomaterials allow for incorporation and uniform dispersion of cells and/or therapeutic agents. 47 Fibrin and HA composite gels were utilized for NP tissue regeneration in the current study as an injectable gel. Fibrin is an attractive candidate as a natural scaffold polymer, because it can be generated from human plasma and has a good biocompatibility as a wound adhesive. 37 HA is a nonsulfated GAG that constitutes a large proportion of cartilaginous ECM. Two or more polymers can be combined into gels to utilize the benefits of each component, such as fibrin-alginate, 48 HA-alginate, 49 and collagen-fibrin. 50 These previous studies demonstrated the capability of combined matrix gels to support cell proliferation without loss of chondrogenic potential. We have also previously suggested fibrin/HA composite gels as scaffold matrices for chondrogenesis in vitro and in vivo; transplantation of chondrocytes in these gel systems showed progress in the repair of full-thickness cartilage defects in articular cartilage. 29, 30 Although a number of studies have documented the culture of NP cells in alginate as a preferred system due to ease of use and cell retrieval, 17 in this study, fibrin/HA gels were used for cultivating chondrocytes, thus ultimately showing better cell proliferation and GAG synthesis than those previously attained in alginate gels alone. 51 In addition, fibrin/ HA composite gels provided appropriate mechanical properties, supported uniform cell distributions, and can be easily prepared with tunable properties. 52 Progress in research on tissue engineered IVD has been slow because of the complexities involved in cultivating NP cells. 53 There is a need to increase NP cell viability because of their low cell yield from IVDs during harvest and low proliferative capacity. Although the avascular nature of the disk may make the NP an immunologically privileged site and, therefore, make the use of allogeneic cells a tempting proposition, the risk of transferring infectious agents remains real. 54 Therefore, some experiments have been conducted by using chondrocytes as an alternative cell source. 55, 56 In addition, within the NP, rounded chondrocyte-like cells are embedded in a random network of type II collagen and aggrecan, supplemented with other PGs, including versican. 57, 58 The NP of the IVD is similar to hyaline cartilage over time during development and maturation, expressing markers of chondrocytes such as collagen type II, collagen type IX, aggrecan, and SOX 9. 59 Thus, we used chondrocytes for NP tissue differentiation in the current study. In addition, AF cells from young porcine are used for AF tissue, because it is easy to obtain numerous healthy numbers of AF cells. In our previous study about the aging of IVDs, we observed that the numbers of cells dramatically decreased with aging in AF tissue. 60 The outer AF contains fibroblast-like cells that are elongated and position themselves parallel to the predominant collagen fibril orientation. 61 Therefore, to achieve the biphasic structure, AF cells were seeded in silk scaffolds for AF tissue, and chondrocytes were encapsulated in the fibrin/HA gel for the NP tissue. The cells and biomaterials were cultured in CDM for the NP tissue differentiation for an additional 4 weeks after AF tissue induction with an AF cell culture medium for the initial 2 weeks (Fig. 1a) .
The importance of environmental factors in the induction of cell differentiation toward tissue specific outcomes has been emphasized. Due to the low cellular activity and nutrition-deprived environment in degenerated IVDs, it may be necessary to employ growth factors (GFs) for tissue engineering strategies to be more effective. 4 Several GFs have been shown to positively modulate the metabolism of IVD cells: TGF-b, insulin-like growth factor-1, and plateletderived growth factor stimulate cell proliferation and PG synthesis in vitro. [62] [63] [64] Among them, TGF-b1 was included in CDM to achieve NP-like tissue. Treatment with TGF-b1 stimulated new ECM synthesis in old or degenerated disks. 64 In addition, TGF-b1 was the optimal GF for stimulating GAG synthesis with both NP and AF cells 65 and increased PG synthesis and cell proliferation when cultured without FBS. 66 In the current study, fibrin/HA composite gels with chondrocytes induced NP tissue features when cultured in CDM including TGF-b1.
A successful scaffold provides physical support for cell attachment and promotes cell proliferation and desired ECM deposition. 16 The major components of the AF ECM are fibrillar collagens and PGs. The largest and most important PG in the disk matrix is aggrecan, which consists of a protein core with attached GAGs. 67 When AF cells were seeded onto silk lamellar or porous scaffolds, AF cells adhered to both scaffolds and synthesized collagen and PGs. The lamellar scaffolds supported more AF tissue-specific features, based on histological, biochemical, and gene expression data for collagen and aggrecan. In addition, the composite gel combined with lamellar silk scaffold showed significantly higher ECM synthesis and gene expression than the porous silk scaffold control (Figs. 5-7 ). In particular, AF cells maintained their viability and function during 2 weeks in AF-NP biphasic IVD construct culture after an initial 2 week culture of the AF tissue alone (Fig. 3) . The lamellar silk AF scaffolds were superior to the porous silk AF scaffolds in promoting integration with the fibrin/ HA NP gel scaffold. The lamellar AF structure combined with the fibrin/HA gel to mimic the native IVD structure and supported NP tissue growth and proliferation based on histological and biochemical characteristics with gene expression of collagen and aggrecan. These results correlate with the stability of the fibrin/HA gel in lamellar or porous silk scaffolds because of the improved chondrogenesis as shown in our previous study. 68 Chondrocyte activities are maintained only in a proper 3D environment. 69 This cellmatrix interaction is essential for chondrocyte proliferation, differentiation, or survival. For example, cells adhere and interact with their extracellular environment via integrons, and their ability to activate associated downstream signaling pathways depends on the character of the adhesion complexes formed between cells and their ECM, various factors (glucose, oxygen, and cytokines) that are important parameters affecting chondrocyte metabolism. 70 Therefore, a specific cell environment would be a key determinant of cartilage formation. In particular, material degradation is essential in many small-and large-molecule release application and in functional tissue regeneration. 71 Fibrin rapidly degrades and shrinks with chondrocyte culture. 72 In our previous study, fibrin/HA composite gels also showed a lack of complete cartilage formation in peripheral areas of the biomaterials, likely due to inefficient differentiation of cells or the fast degradation of the biomaterials. 30 Although fibrin/HA gel showed potential as a cell delivery vehicle for chondrogenesis, the weak mechanical properties and rapid degradation remain problematic for some applications. However, it is important that the rate of ECM synthesis and degradation be matched and kept in an equilibrium in cartilage tissue engineering. 73 Better chondrogenesis was observed in stable fibrin/HA gel in our previous studies. 29, 68 Other studies also showed that long-term stable fibrin gels in combination with scaffolds results increased cellular proliferation while maintaining production of ECM. 74, 75 In the current study, lamellar silk scaffolds supported the synthesis of chondrogenic ECM over the entire NP region (Fig. 4) . One reason for this outcome is the integration between the lamellar structure of the AF and NP regions compared with porous scaffolds that would facilitate the stability of fibrin/ HA gel as a cell environment for differentiation of the NP tissue.
Conclusions
This article describes the fabrication of a biphasic IVD structure by using techniques of tissue engineering. Two different cell types, AF and chondrocyte, were seeded onto a biphasic scaffold composed of lamellar or porous silk scaffolds and fibrin/HA gel, to generate the AF and NP-like tissues. The results demonstrated that tissue-engineered IVD grown on lamellar silk scaffolds with fibrin/HA gel supported improved integration of the two components and improved markers of the tissue types when compared with those grown on porous scaffolds with the fibrin/HA gel. Thus, this original tissue mimicking biphasic scaffold designed to simulate both AF and NP tissues was effective in the formation of an entire artificial IVD unit in vitro. This tissue construct could potentially be used as a model system for the study of the native IVD tissue. With additional focus on mechanical requirements, these systems may be useful for future tissue replacements for degenerated IVD.
